Yeast Pus1p catalyzes the formation of pseudouridine () at specific sites of several tRNAs, but its function is not essential for cell viability. We show here that Pus1p becomes essential when another tRNA: pseudouridine synthase, Pus4p, or the essential minor tRNA for glutamine are mutated. Strikingly, this mutant tRNA, which carries a mismatch in the TC arm, displays a nuclear export defect. Furthermore, nuclear export of at least one wild-type tRNA species becomes defective in the absence of Pus1p. Our data, thus, show that the modifications formed by Pus1p are essential when other aspects of tRNA biogenesis or function are compromised and suggest that impairment of nuclear tRNA export in the absence of Pus1p might contribute to this phenotype.
Yeast Pus1p catalyzes the formation of pseudouridine () at specific sites of several tRNAs, but its function is not essential for cell viability. We show here that Pus1p becomes essential when another tRNA: pseudouridine synthase, Pus4p, or the essential minor tRNA for glutamine are mutated. Strikingly, this mutant tRNA, which carries a mismatch in the TC arm, displays a nuclear export defect. Furthermore, nuclear export of at least one wild-type tRNA species becomes defective in the absence of Pus1p. Our data, thus, show that the modifications formed by Pus1p are essential when other aspects of tRNA biogenesis or function are compromised and suggest that impairment of nuclear tRNA export in the absence of Pus1p might contribute to this phenotype.
tRNAs are extensively modified, with at least 79 different known nucleoside modifications occurring among the sequenced tRNAs (1) . The modifications have been implicated in a plethora of physiological functions, e.g. discrimination of tRNAs as in the case of initiator and elongator tRNA Met , efficiency and accuracy of aminoacylation and codon recognition, and extension or restriction of wobble base pairing (reviewed in Refs. 2 and 3 and in several chapters in Ref. 4) .
Some tRNA modifications, e.g. m1G at position 37 or pseudouridine () at position 55 seem to be universal, as they are found in a similar subset or all of the tRNAs from all three kingdoms of life (5) . These modifications might thus be important for basic functions of the translational apparatus (for a discussion, see Ref. 6) . Other modifications are only found in a subset of organisms, such as s at positions 34 -36 (the anticodon) or 26 -28, which are found only in eukaryotic tRNAs, or 2Ј-O-ribosyl phosphate, which occurs only in plant and fungal intiator tRNA Met (1) . These modifications might, consequently, serve more specific functions.
Intriguingly, Pus1p, the enzyme that introduces s at positions 26 -28, 34 -36, 65 , and 67 (7, 8) was identified through its genetic interaction with the tRNA nuclear export machinery (7) . A mutation in the PUS1 gene is lethal when combined with mutations in the LOS1 gene encoding a karyopherin-type nuclear export receptor and the NSP1 gene coding for a nucleoporin. A combined disruption of the PUS1 and LOS1 genes causes lethality at increased temperature. These strong genetic interactions and the nuclear localization of Pus1p led to the proposal that Pus1p might be somehow involved in nuclear tRNA export (7) .
Nuclear export of tRNA in yeast is mediated by Los1p, a member of the importin (or karyopherin) ␤ family of transport receptors (Refs. 9 -11, for a review, see Ref. 12) . Like other members of the karyopherin family Los1p was found to exhibit increased affinity toward its cargo in the presence of the GTPbound form of the small GTPase Ran (10) . Formation of a trimeric export complex consisting of Los1p, Ran-GTP, and tRNA is, thus, thought to occur in the nucleus where the Ran-GTP concentration is high due to the presence of RanGEF (guanosine nucleotide exchange factor). After translocation through the nuclear pore complex, cytoplasmic RanGAP (GTPase-activating protein) would trigger dissociation of this complex through the conversion of Ran-GTP to Ran-GDP.
The fact that Los1p is not essential for cell viability (13) and that absence of Los1p leads to nuclear accumulation of only a subset of tRNAs (9) suggested that an alternative nuclear tRNA export pathway exists in yeast. Recently, aminoacylation and the translation elongation factor eEF-1A were identified as components of such an alternative export pathway (9, 14 -16) .
In this study we show that Pus1p is genetically linked to the pseudouridine synthase Pus4p. Moreover, we find that Pus1p becomes indispensable for cell viability in the presence of defects in the minor tRNA Gln (anticodon CUG). Strikingly, the mutation rendering this tRNA synthetically lethal with the pus1 mutation also impairs its nuclear export. Moreover, absence of Pus1p impairs nuclear export of a wild-type tRNA, minor tRNA Ile(UAU) . Our data, thus, suggest that Pus1p-dependent tRNA modification might facilitate efficient nuclear export of specific tRNAs.
MATERIALS AND METHODS
Yeast Strains and Plasmids-The yeast strains used in this study are shown in Table I . The plasmids listed in Table II were previously described or constructed as follows: pHT4467-PUS1 was prepared by cloning a 2.2-kilobase XbaI fragment containing PUS1 from pUN100-PUS1 into pHT4467 (7) . To obtain pUN100-TEF1 TEF1 was released by SnaBI/Eco47I from YEp352-TEF1 (ref. 9) , the Eco47I overhang filled in, and the fragment inserted into pUN100 cut SmaI. tQ(CUG)M was amplified as a 0.4-kilobase fragment using primers tQ(CUG)M-For (TTT GGA TCC GAG AGC TTC TAC TAT AAA CC; BamHI) and tQ(CUG)M-Rev (TTT TCT AGA AGT ATA TCG AGA TGA GCG AT; XbaI) and ligated into pUN100 cut BamHI and XbaI to yield pUN100-tQ. pUN100-tQ* harbors the C50U mutation in tQ(CUG)M and was amplified using the same primers as for the wild-type gene, but slc58 genomic DNA was used as template. The resulting fragment was phos-* The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Gln (anticodon CUG) and the corresponding mutant C50U were amplified by PCR 1 from the corresponding sequence present in the plasmids pUN100-tQ and pUN100-tQ* described in Table II using two complementary oligonucleotides, one bearing a T7 promoter sequence and the other the restriction site MvaI. The resulting PCR product was purified by electrophoresis on an agarose gel and used as template for T7 polymerase reactions (see below).
Fluorescence in Situ Hybridization-Yeast tRNAs were localized by fluorescence in situ hybridization as described previously (9) except that Escherichia coli 5 S rRNA in the hybridization buffer was replaced with the same concentration of E. coli tRNA. E. coli tRNA does not compete with the probes directed against yeast tRNA (data not shown). Hybridization reactions were performed in hybridization buffer containing 50% formamide with probes at 4 pmol/l at 37°C overnight. The described probes (9) were used. Minor tRNA Gln was detected using a probe with the sequence GGTTGTTCGGATCAGAACCGA. This probe weakly cross-reacts with the major tRNA Gln in Northern analysis (data not shown); however, shorter probes yielded insufficient signal for fluorescence microscopy. DNA was stained with 50 ng/ml DAPI (4Ј,6-diamidino-2-phenylindole dihydrochloride) and slides mounted with Mowiol.
RNA Extraction and Northern Blot Analysis-Total RNA was extracted from yeast cells as described previously (17) , separated on a 6% urea-polyacrylamide denaturing gel, and transferred to Hybond XL membranes. Hybridization with radioactively labeled oligonucleotides having identical sequences with the probes used for FISH was performed at 37°C in 6 ϫ SSPE (900 mM NaCl, 60 mM NaH 2 PO 4 , 0.3 mM EDTA) overnight. Acidic extraction of tRNA and separation of tRNA on an acidic urea gel to determine aminoacylation status were done as described previously (18) . Probes were identical in sequence to those previously described for FISH (9) . For minor tRNA Gln probe the sequence was TTGTTCGGATCAGAACC.
Enzyme Sources-Yeast S10 extracts were prepared as described in Ref. 19 ; purified recombinant yeast tRNA:pseudouridine synthases Pus4p and Pus8p (alias Rib2) were prepared as described previously (20) . 2 In Vitro Transcription of tRNA Genes and tRNA Modification Assays-In vitro T7-polymerase transcription using one of the four nucleoside triphosphates ␣-32 P-radiolabeled and purification of the resulting selectively radiolabeled T7 run-off tRNA transcripts by urea gels were performed as described elsewhere (19, 21) . All in vitro enzymatic assays were performed at 30°C in the reaction mixture described in Ref. 19 , except that a yeast S10 extract from the wild-type, S10 extract from the PUS1-deleted yeast strain, or purified recombinant tRNA pseudouridine synthase (Pus4p or Pus8p), were used at the concentration indicated in the legends of the figures. After the incubation time (as indicated in the graphs or the legends of figures), reactions were stopped by addition of phenol:chloroform. The phenol-extracted RNA were precipitated with ethanol and redissolved in appropriate buffer for further hydrolysis with nuclease P1 or RNase T2. Each hydrolysate was chromatographed in two dimensions on thin-layer cellulose plates. Nucleotide identification in each spot was achieved by comparison with standard maps and the corresponding radioactivity was evaluated (for details, see Refs. 8 and 19) .
Synthetic Lethality Screen-Screening strains B and C, both pus1::HIS3 but of opposite mating type, were prepared by mating the previously described strain Y572 to CH1462 and subsequent tetrad dissection. These strains are red in the presence of pHT4467-PUS1 (the resulting relevant genotype being ade2 Ϫ ADE3), and white after its loss.
Strains were plated on YPD plates supplemented with 4% glucose, irradiated with UV light to a survival rate of ϳ5%, and ϳ75,000 surviving colonies screened for all red colonies without white sectors, indicative of the inability to lose plasmid pHT4467-PUS1. This was confirmed by the cells' inability to grow on plates containing FOA, i.e. selecting against the URA3 gene product. Strains that after transformation with pUN100-PUS1 were able to grow in the presence of FOA and displayed white sectors within the red colony, indicating the regained ability to lose pHT4467-PUS1, were further analyzed. Four sl mutants were found in this screen, two of which have been cloned and are the subject of this publication.
Complementation of sl Mutants-Sl mutants were complemented by transformation with a previously described yeast genomic library on a low copy number plasmid (22) . Clones were scored positive when colonies displayed a red/white sectoring phenotype and grew in the presence of FOA. Western analysis of cell extracts from positive clones using a polyclonal antibody against Pus1p revealed clones producing this protein; these were subsequently discarded. Plasmids were recovered from the remaining clones and sequenced when appropriate. TEF1 and TEF2 genes were initially identified through sequencing of complementing plasmids but found to be suppressing rather than complementing the various sl mutations. In later complementation experiments these plasmids were identified and discarded prior to the sequencing step through restriction analysis and complementation of a tef1 Ϫ tef2 Ϫ double mutant strain (9) . Plasmids with the following genomic inserts were obtained (those containing TEF1 or TEF2 are not listed): slb18: chromosome XIV, 71400 -84274, and 81414 -93176; slc58: chromosome XIII and 803816 -817190. Subcloning established the identity of the respective complementing activity. 
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Miscellaneous-Cells were examined using a Zeiss Axioskop fluorescence microscope equipped with a Xillix Microimager CCD camera. Data were processed using the Improvision Openlab and Adobe Photoshop softwares. All experiments were performed on exponentially growing cells. All shifts to 37°C were performed in rich glucose-containing medium (YPD). DNA manipulations such as restriction analysis, PCR amplification, and ligation were performed according to standard protocols (23) .
RESULTS

A Mutation in PUS4 Makes Pus1p
Essential for Cell Viability-Pus1p was previously identified through its genetic interaction with NSP1 (a nucleoporin) and LOS1 (a tRNA nuclear export receptor) (7) . The function of Pus1p-dependent tRNA modification, however, remained unclear. To clarify this issue, we sought to identify additional interaction partners of Pus1p through a synthetic lethality screen using a strain lacking Pus1p. This sl screen (for details, see "Materials and Methods") yielded four mutants that are inviable in the absence of Pus1p. Two mutants, slc58 and slb18, have been characterized and are subject of this study.
Transformation of slb18 cells with a yeast genomic library yielded several plasmids that restored viability in the absence of pURA-PUS1. Sequencing and subcloning revealed that the PUS4 gene complemented the sl mutant (Fig. 1A) . PUS4 codes for another pseudouridine synthase, which was discovered through its sequence homology to the bacterial enzyme truB (20) . Like the latter, Pus4p converts U55 to 55, a modification that is found in all sequenced tRNAs from all three kingdoms. Similar to PUS1, PUS4 is not required for cell viability under standard laboratory experimental conditions (20) .
To show directly that Pus4p activity was affected in the slb18 mutant we analyzed the enzymatic activities of yeast cell extracts. In vitro transcribed yeast tRNA Trp and tRNA Asp were used as substrates to test the formation of 27 and 55, respectively, as described (8) . Fig. 1 , B and C, show that extracts from slb18 cells carrying a PUS1-containing plasmid efficiently formed the Pus1p-dependent 27 in tRNA Trp , whereas no formation of the Pus4p-dependent 55 was observed in tRNA Asp . The reverse was observed when cell extracts were prepared from slb18 cells with a PUS4-containing but no PUS1-containing plasmid: 55 was efficiently formed, while no formation of 27 was observed. Finally, both 55 and 27 were quantitatively formed in extracts from cells carrying both plasmids containing PUS1 and PUS4. Our data, thus, clearly show that slb18 cells lack Pus4p activity.
To generate a synthetically lethal interaction of PUS1 and PUS4 in a defined way, haploid pus1 Ϫ and pus4 Ϫ cells were mated and tetrads dissected after sporulation. After incubation at 30°C several incomplete tetrads were observed, and analysis of the genetic markers revealed that the missing spores were the pus1 Ϫ pus4 Ϫ double mutant cells (Fig. 1D) . However, also slow growing pus1 Ϫ pus4 Ϫ haploid could be recovered, which exhibit a ts phenotype at 37°C (Fig. 1E) . We conclude that combined absence of Pus1p and Pus4p severely impair cell viability, the extent of this effect depending on the genetic background. This observation suggests that the functionality of some or all of the resulting under-modified tRNAs is significantly reduced.
A Mutation in the Essential Gene Coding for Minor tRNA Gln(CUG) Is Synthetically Lethal with a pus1 DisruptionThe second sl mutant obtained in the screen, slc58, was complemented by the essential yeast gene coding for minor tRNA Gln(CUG) , tQ(CUG)M (in the following abbreviated tQ; Fig.  2A ) (24 -26) . Interestingly, slc58 mutant cells were inviable at 37°C, and this ts phenotype was complemented by a plasmid harboring tQ but not by PUS1 (Fig. 2B) .
To find out how Pus1p and minor tRNA Gln(CUG) are functionally linked, we performed Northern blot analysis on total RNA extracted from wild-type and slc58 mutant cells. We observed a FIG. 1 . A, slb18 mutant cells were transformed with plasmids containing the indicated genes and grown on FOA-containing minimal plates at 30°C. B and C, formation of ⌿26&27 in tRNA Trp (B) or ⌿55 in tRNA Asp (C) was examined using the indicated amounts of S10 extracts from slb18 cells carrying centromeric plasmids harboring PUS1 (triangles) or PUS4 (squares) or both plasmids (circles). In vitro transcribed tRNAs were incubated with the extracts for 30 min at 30°C; numbers correspond to mole of the examined modification per mole of tRNA. D, pus1::HIS3 cells (Y572) were mated to pus4::kanMX cells and the resulting diploid cells sporulated. Tetrads were dissected on YPD plates and incubated for 3 days at 30°C. E, serial dilutions (1:10) of the indicated strains were spotted on YPD plates and cells incubated for 2 days at 37°C. All four strains are individual spores of one full tetrad of the mating described in B.
FIG. 2.
A, slc58 mutant cells were transformed with plasmids containing the indicated genes and grown on FOA-containing minimal plates (top) or on YPD plates supplemented with 4% glucose (bottom) for 3 days at 30°C. B, slc58 mutant cells carrying pURA-PUS1 were transformed with plasmids containing the indicated genes and grown on YPD plates for 3 days at 37°C.
tRNA Pseudouridinylation and tRNA Biogenesissignificant reduction of tRNA Gln(CUG) levels when we compared the mutant to the wild-type situation (Fig. 3A) . This effect was even more pronounced when RNA was analyzed that had been extracted from slc58 cells grown at elevated temperature. Other tRNAs such as the major tRNA Gln(UUG) appeared to be unaffected.
The reduction in minor tRNA Gln(CUG) levels suggested that its stability might be negatively affected by a mutation. We examined this possibility through amplification of the tQ gene by PCR on genomic DNA prepared from slc58 mutant cells. Direct sequencing of the PCR product revealed a single nucleotide exchange in this tRNA, which occurred in the TC arm (Fig. 3B) , thus agreeing with the idea of reduced tRNA stability.
Fully matured tRNA Gln(CUG) has not yet been sequenced, only the tDNA sequence is known (24 -26) . Therefore, it was not clear whether this tRNA was a substrate of the pseudouridine synthase Pus1p, although the presence of thymidines in the genomic sequence at positions 26 through 28 (Fig. 3B) , i.e. at sites where Pus1p acts (8), strongly suggested so. We, therefore, analyzed the activity of recombinant purified Pus1p on this tRNA produced by in vitro transcription. Efficient formation of was observed at positions 26 ϩ 27 and 28 in both the wild-type and the mutant tRNA Gln (Fig. 3B , notice that our assay cannot resolve whether 26 or 27 or both is formed; however, from our earlier results (8) we know that Pus1p does not easily catalyze 26 in vitro, so that the value indicated in the figure for positions 26 ϩ 27 probably represents the value for 27). 28 formation was slightly less efficient for the mutant than the wild-type tRNA.
We next examined how other tRNA modification reactions might be affected by the C50U mutation in vitro. Three more pseudouridine synthases were available to us as pure recombinant proteins: Pus3p catalyzing the formation of 38 and 39, Pus4p catalyzing the formation of 55, and Pus8p catalyzing the formation of 32 (20, 27) . 3 In addition, using S10 cell extracts we could analyze formation of two AdoMet-dependent methylations, m 5 U54ϭT54 and m 1 A58. The data obtained through this analysis are summarized in Fig. 3 , B and C. Clearly, all the modifications that were found in the wild-type are also formed in the mutant tRNA. However, efficiencies are generally lower as determined by the amount of tRNA modified after 1-h incubation under identical conditions. The only exception is 13, whose formation is slightly more efficient in the mutant tRNA than in the wild-type tRNA Gln . These results thus show that the mutant tRNA is still a good substrate for various modification enzymes in vitro. However, our data also indicate the possibility that the mutant tRNA Gln might be under-modified in vivo. Indeed, it is possible that under-modification rather than the mutation per se might cause Pus1p to become essential in this mutant.
Nuclear Export of the Mutant tRNA Gln(CUG) Is ImpairedThe structural integrity of a tRNA has been shown to be important for its nuclear export in the Xenopus oocyte system (28, 29) . In particular, it has been shown that the TC arm is an important determinant for the interaction of a tRNA with the nuclear export machinery (28) . We therefore performed FISH analysis on slc58 cells to examine the distribution of the mutated tRNA. As tRNA Gln(CUG) is encoded by a single gene (30), we observed only a weak signal for this tRNA in wild-type cells (data not shown). Clearly, however, the signal distribution paralleled that previously seen for other tRNAs, i.e. a cytoplasmic signal that is largely excluded from nucleus and vacuole (data not shown).
In agreement with the Northern blot results (Fig. 3A) , slc58 cells displayed an even weaker signal for minor tRNA Gln (data not shown). In addition to this quantitative difference, a major change in signal distribution was observed with a significant number of the mutant cells displaying nuclear accumulation of the tRNA (Fig. 4A) . This phenotype became more evident when the amount of the mutated tRNA was increased by introduction of a low copy plasmid harboring the mutant tRNA Gln allele into slc58 cells (Fig. 4A) . Under these conditions, the tRNA . B, sequencing of a PCR product obtained from genomic DNA of slc58 cells revealed the mutation indicated in the black boxes. In vitro transcribed, radiolabeled mutant and wild-type tRNAs were each analyzed for formation of the indicated modifications using yeast S10 cell extracts at 2.5 mg/ml final concentration (plain numbers) or purified proteins (italic numbers, Pus1p for 26 -28 at 2 g/ml, Pus3p for 38 at 5 g/ml, Pus4p for 55 at 0.04 g/ml, and Pus8 for 32 at 5 g/ml). Numbers correspond to mole of the examined modification per mole of tRNA with first numbers referring to wild-type and second numbers to mutant tRNA Gln . Incubations were carried out for 1 h at 30°C. Values obtained for uridine residues at positions 26 plus 27 most probably correspond to only 27, since it was demonstrated that Pus1p is unable to catalyze the formation of 26 in vitro (8) . It is, however, not clear whether U26 is modified in vivo. C, kinetics of reactions illustrating the formation of few selected modifications. Filled circles correspond to wild-type, open circles to mutant tRNA Gln(CUG) , enzyme concentrations are the same as in B.
tRNA Pseudouridinylation and tRNA Biogenesisnot an artifact due to overexpression of the mutant tRNA. Indeed, when we localized another tRNA, tRNA Gly(GCC) , under the same conditions, it was distributed normally, i.e. the signal was excluded from the nucleus (Fig. 4B) .
Other mutations in tRNA Gln(CUG) have been published, G31A (designated sup70 -65) and G68A (sup70 -33; Ref. 31) . Unlike the C50U mutation, however, these mutations do not lead to nuclear accumulation. 4 Our data, thus, indicate that the mutation in the TC arm specifically affects nuclear export of the minor tRNA Gln(CUG) . It is, however, possible that undermodification of the mutant tRNA Gln(CUG) in vivo, e.g. lack of m 1 A58, might contribute to the nuclear export defect of this tRNA.
Nuclear Export of the Minor tRNA Ile Is Impaired in the Absence of Pus1p-The data presented above show that a mutation in the tRNA Gln(CUG) , which leads to a requirement of Pus1p for cell viability, also impairs the nuclear export of this tRNA. Given the previous indications of a link of Pus1p to nuclear tRNA export, we wanted to determine whether the absence of Pus1p itself would also influence the efficiency of nuclear tRNA export. Strikingly, when we localized minor tRNA Ile(UAU) in pus1 Ϫ cells, we could indeed see nuclear accumulation in a subset of cells (Fig. 5A ). Other substrates of Pus1p such as minor tRNA Gln(CUG) (bearing 27 and 28, see above) or major tRNA Glu(UUC) (bearing 27, ref. 5), however, were detected exclusively in the cytoplasm (Fig. 5B and data not shown), suggesting that the absence of Pus1p does not detectably affect their nuclear export.
The finding that absence of Pus1p leads to a nuclear tRNA export defect raised the question whether this was specific to this pseudouridine synthase or a more general phenomenon occurring when nuclear steps of tRNA biogenesis are affected. We, thus, analyzed the subcellular distribution of a number of tRNAs (specific for leucine, isoleucine, glycine, and glutamate) in pus2 Ϫ (7), pus3 Ϫ (27), pus4 Ϫ (20) , and lhp1 Ϫ (the yeast homologue of the La protein; Ref. 32) cells. None of these cells displayed nuclear accumulation of the tRNAs investigated (Fig.  5B and data not shown) . Although we cannot rule out that other tRNAs that we have not investigated are affected in these mutants, these data suggest that specifically the absence of Pus1p-mediated pseudouridinylation impairs nuclear export of certain tRNAs. 26 -28, 34 -36, 65 , and 67 (7, 8) , as well as at position 44 in U2 snRNA (37) . We have shown here that absence of these s leads to nuclear accumulation of at least one tRNA, minor tRNA Ile(UAU) , thus directly implicating Pus1p in the nuclear export of tRNA.
The idea that Pus1p-dependent tRNA modification is important for tRNA nuclear export was first brought up when PUS1 was found to genetically interact with the genes coding for the tRNA nuclear export receptor Los1p and the nucleoporin Nsp1p (7) . A requirement of Pus1p for nuclear tRNA export might also explain the observation that Pus1p-like enzymes are the only family of RNA:pseudouridine synthases notably absent from prokaryotes and archaea but highly conserved among eukaryotic organisms (38 -40) . Recently, it has been shown that native tRNA binds indeed more strongly to the mammalian tRNA export receptor Xpo-t, the homologue of yeast Los1p, than does unmodified, in vitro transcribed tRNA (28) . The modifications introduced by Pus1p might, analogously, facilitate the interaction of tRNA with the Xpo-t homologue in yeast, Los1p. Alternatively, Pus1p might facilitate tRNA transport as a component of a Los1p-independent nuclear export pathway.
The minor yeast tRNA tRNA Pseudouridinylation and tRNA Biogenesisposition 27 in the anticodon stem, positions 34 and 36 within the anticodon, and position 67 of the acceptor stem (7, 8 bearing only one Pus1p-dependent at position 27 do not display a defect that can be detected by our assay. Indeed, the tight linkage between tRNA Ile(UAU) and Pus1p is further highlighted by the phenotypes displayed by another pus1 sl mutant, slb1. While the nature of the gene affected in this mutant is currently unknown we could suppress the sl phenotype of this mutant strain by overexpression of either of the two genes coding for the minor tRNA Ile(UAU) , tI(UAU)L or tI(UAU)D, and the export of this tRNA was strongly impaired in this strain. 4 The primary transcript of minor tRNA Ile differs from other pre-tRNAs by an exceptionally long intron comprising 60 nucleotides (the longest intron in yeast pre-tRNA). The removal of this intron represents an additional processing step, which might render this tRNA more sensitive toward defects in the tRNA biogenesis machinery. A general slow down in tRNA biogenesis, however, is not sufficient to explain the nuclear accumulation of minor tRNA Ile(UAU) in the pus1 Ϫ mutant, because the defect is specific and not observed in other tRNA biogenesis mutants such as the pus2
Similarly, although it is conceivable that the lack of Pus1p-dependent tRNA modification causes a tRNA-processing defect that then, indirectly, might impair tRNA nuclear export, this appears unlikely, since no such tRNA processing defect was observed in pus1 Ϫ cells (17) . Several explanations for the synthetic lethality between the PUS1 disruption and the minor tRNA Gln(CUG) mutation are possible. With regard to the data discussed above a role of Pus1p-dependent tRNA modification in tRNA nuclear export appears particularly intriguing. According to this view, the combination of export defects caused by the absence of Pus1p and the mutation in the TC arm of tRNA Gln(CUG) would reduce the export of this essential tRNA below a level required to sustain cell viability. However, other explanations are, in the absence of additional experimental data, clearly as valid. In particular it is possible that the absence of Pus1p-mediated pseudouridinylation causes lethality by further destabilizing a tRNA already rendered unstable through a mutation in its TC arm and a naturally occurring mismatch A52-C62 base pair (see Fig. 3C ).
Noteworthy, the sl phenotypes of both mutants analyzed in this study as well as the ts phenotype of los1 Ϫ pus1 Ϫ double mutant cells (7) can be partially suppressed by overexpression of the translation elongation factor eEF-1A (9). 4 We have previously shown that eEF-1A is involved in nuclear tRNA export, presumably channeling exported tRNA directly to the ribosome (9, 12) . It is this activity that might allow more efficient use of the available tRNA and, thus, become important under these conditions of impaired tRNA biogenesis and nuclear export.
Most tRNA modifications are not essential as evidenced by the fact that the genes coding for the relevant enzymatic activities are dispensable when cells are grown under standard, nonstressed conditions (for a review, see Ref. 42) . Currently, we know of only two essential tRNA modification activities in yeast: the adenosine-34 deaminase encoded by TAD2/TAD3 (43) and the adenosine-58-methylase encoded by GCD10/ GCD14, now renamed TRM6A/TRM6B (44) . In particular, none of the seven identified tRNA:pseudouridine synthases in yeast is essential (7, 20, 27) . 3 Even Pus4p, which forms 55 of the invariable TC-loop found in every known tRNA from all three kingdoms, is dispensable for cell growth (20) , as is its prokaryotic orthologue truB (45) . This observation has previously led to the speculation that the role of s in tRNA function is only auxiliary. It was, thus, unexpected that combined mutations in the PUS1 and PUS4 genes lead to synthetic lethality, as this suggests that at least a certain level of pseudouridinylation is indispensable for tRNA function. At present, we cannot, however, tell whether the s introduced by Pus1p and Pus4p, respectively, are required for similar or distinct functions. The lack of nuclear tRNA accumulation in pus4 Ϫ cells would suggest that 55, in contrast to 26 -28, 34, 36, 65 , and/or 67 in tRNA Ile(UAU) , is not required for nuclear tRNA export. However, we cannot rule out that absence of Pus4p affects the export of tRNAs that were not among those we tested. Similarly, while previous data suggested that both Pus1p-and Pus4p-dependent tRNA modification might be important for tRNA stability and 3-dimensional structure (46) , our preliminary data, based on fluorescence intensity in the FISH assay, do not support the idea that the stability of tRNAs in general might be decreased in the pus1 Ϫ pus4 Ϫ double mutant cells. The synthetic lethality between pus1 and pus4 might thus be explained by additive, possibly synergistic, defects at any of the numerous steps along the tRNA biogenesis pathway.
In summary, we have shown that Pus1p-dependent formation becomes essential when other aspects of tRNA biogenesis are compromised and that this modification might contribute to efficient tRNA nuclear export of at least one tRNA.
